Hydroxycinnamic acids and curcumin are compounds with great therapeutic potential, including anticancer properties. In this study, p-coumaric acid, caffeic acid and curcumin were produced in Escherichia coli. Their production was induced by heat using the dnaK and ibpA heat shock promoters. The ribosome binding site (RBS) used was tested and further optimized for each gene to assure an efficient translation. p-Coumaric acid was successfully produced from tyrosine and caffeic acid was produced either from tyrosine or p-coumaric acid using tyrosine ammonia lyase (TAL) from Rhodotorula glutinis, 4-coumarate 3-hydroxylase (C3H) from Saccharothrix espanaensis or cytochrome P450 CYP199A2 from Rhodopseudomonas palustris. The highest p-coumaric acid production obtained was 2.5 mM; caffeic acid production reached 370 M. Regarding curcumin, 17 M was produced using 4-coumarate-CoA ligase (4CL1) from Arabidopsis thaliana, diketide-CoA synthase (DCS) and curcumin synthase 1 (CURS1) from Curcuma longa. Stronger RBSs and/or different induction conditions should be further evaluated to optimize those production levels. Herein it was demonstrated that the biosynthetic pathway of p-coumaric acid, caffeic acid and curcumin in E. coli can be triggered by using heat shock promoters, suggesting its potential for the development of new industrial bioprocesses or even new bacterial therapies.
Introduction
Hydroxycinnamic acids such as p-coumaric and caffeic acids are phenylpropanoids naturally synthesized by plants from amino acids. They can be found in several fruits and vegetables, and have a well-known antioxidant activity. In addition, they have been reported to have other benefits including anti-inflammatory and anticancer activities [1, 2] . Due to its natural radical scavenging properties, studies showed that p-coumaric acid protects the rat heart against the oxidative stress caused by the anticancer drug doxorubicin and that the pre-treatment and co-administration of p-coumaric acid can be highly beneficial [2, 3] . In addition to several reports showing its anticancer and anti-apoptosis properties [1] , caffeic acid has also been shown to possess antiviral and antidiabetic activities [4] [5] [6] . All of these beneficial properties encourage the application of p-coumaric and caffeic acids in pharmaceuticals and healthy or functional foods. In addition, these hydroxycinnamic acids are precursors to an enormous array of secondary metabolites with desirable and relevant properties, such as curcumin. Curcumin is a polyphenolic compound that has been used as a food additive, as well as in traditional medicine [7] due to its several therapeutic properties including anticancer, antioxidant, anti-inflammatory, anti-HIV, anti-Alzeimer's and anti-Parkinson [8] [9] [10] [11] . All of these compounds are accumulated at low levels in plants and their extraction is complex, low, inefficient, environ- mentally unfriendly and expensive [12] . In addition, their isolation as pure compounds remains inefficient and their availability is limited by regional variations and seasonality [13] . Also, their chemical synthesis is very difficult. Therefore, microbial conversion comprises a promising alternative for the production of hydroxycinnamic acids and curcumin. p-Coumaric acid, caffeic acid and curcumin were recently produced in Escherichia coli using different artificial biosynthetic pathways [14] [15] [16] [17] [18] [19] . Previously, we reported the production of hydroxycinnamic acids and curcumin in E. coli using the biosynthetic pathway illustrated in Fig. 1 [17, 18] .
E. coli has been the host of choice for the expression of recombinant proteins given its ability to produce high quantities at low costs. However, in large-scale productions, chemical inducers, such as isopropyl ␤-d-1-thiogalactopyranoside (IPTG), can be expensive and toxic [20, 21] and their presence in waste effluents or in the final product must be eliminated, especially in the production of pharmaceutical-grade proteins and other products intended for human use [22] . Constitutive promoters or promoters induced by starvation of an essential nutrient, or by shift in a physical or physicochemical factor, such as temperature or pH, allow an inducer-free environment for heterologous protein expression [23] . Thermal induction in E. coli is carried out by increasing the temperature (usually 37 • C) to 42 • C or higher for a certain period and then, shifting it down [24] [25] [26] [27] [28] [29] [30] [31] . A thermal induction strategy has the potential of reducing the fermentation cost since expensive chemicals or special media are not required. In addition, it simplifies the downstream processing since culture handling and contamination risks are minimized [24, 32] . All of these aspects are very important when producing therapeutic recombinant proteins and products at an industrial scale [24] . Induction by heat can also be very advantageous in therapeutic approaches, for example in bacterial therapies. These therapies can be combined with laser or ultrasound treatments and the temperature increase would trigger the production in situ of the desired compounds, such as hydroxycinnamic acids and curcumin.
Due to the need of finding and characterizing new parts to use in synthetic biology approaches and the advantages of using promoters not chemically induced, we previously studied E. coli heat shock promoters [33] . The dnaK and ibpA heat shock promoters were used with a synthetic ribosome binding site (RBS) and the green fluorescence protein (GFP) to design and construct stress probes, which were further used to evaluate the promoter strength and their potential use in synthetic biology applications [33] . In the current study, the heat shock induction system was coupled to the artificial biosynthetic pathways leading to the production of p-coumaric acid, caffeic acid and curcumin. The dnaK and ibpA promoters and different synthetic RBSs with several strengths were used. The results gathered herein demonstrate that p-coumaric acid, caffeic acid and curcumin can be produced in E. coli using heat shock promoters and that synthetic biology tools can help to improve their production.
Materials and methods

Bacterial strains, plasmids and chemicals
E. coli NZY5␣ competent cells (NZYTech, Lisbon, Portugal) were used for molecular cloning and vector propagation and E. coli K-12 MG1655(DE3) [34] was used as host. E. coli K-12 ER2925 (NEB, Ipswich, MA, USA) competent cells were used whenever restriction endonucleases sensitive to E. coli K-12 methylation patterns were required. Table 1 summarizes the characteristics of all strains and plasmids used. Synthesis and amplification of TAL, C3H, CYP199A2, Pdr, Pux, 4CL1, DCS and CURS1 was previously described [17, 18] . The DNA sequences of the codon-optimized genes are provided in Table S1 . pAC-4CL1 plasmid was kindly provided by Claudia Schmidt-Dannert [35] (Addgene plasmid # 35947).
l-Tyrosine, p-coumaric and caffeic acid were purchased from Sigma-Aldrich (Steinheim, Germany); ferulic acid from Acros (Geel, Belgium); curcumin from Fisher Scientific (Loughborough, UK) and Luria-Bertani (LB) medium from NZYTech (Lisbon, Portugal). Glucose (Acros), Na 2 HPO 4 (Scharlau, Sentmenat, Spain), MgSO 4 , KH 2 PO 4 (Riel-deHaën, Seelze, Germany), NH 4 Cl, NaCl, CaCO 3 (Panreac, Barcelona, Spain) and thiamine (Fisher Scientific, Loughborough, UK) were used to prepare the M9 modified salt medium. The following mineral traces and vitamins were Table 1 Bacterial strains and plasmids used in this study.
Strains
Relevant Genotype Source E. coli NZY5␣ fhuA2 (argF-lacZ)U169 phoA glnV44 80 (lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17
NZYTech E. coli K-12 ER2925 ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210:Tn10)TetS endA1 rpsL136 dam13:Tn9 xylA-5 mtl-1 thi-1 mcrB1 hsdR2 
Design of the dnaK promoter and RBS
The dnaK and ibpA heat shock promoter sequences used were obtained from the NCBI (National Center for Biotechnology Information) database and previously described by Rodrigues, Sousa, Prather, Kluskens and Rodrigues [33] . These promoters and the synthetic RBS were used to replace the T7 promoter and the RBSs of the plasmids from Novagen ( Table 1 ). The RBSs were designed using the software RBS Calculator v1.1 [36] . RBS1 was previously designed by Rodrigues, Sousa, Prather, Kluskens and Rodrigues [33] and the sequence used herein was the same for all genes. The other synthetic RBSs (RBS2) (Table S2 ) were designed to improve the expression of each gene and vary in the sequence, spacer length and translation initiation rate (TIR). The TIR for each gene was set to the "maximum" value.
Construction of the plasmids
The dnaK promoter with synthetic RBS1 was cloned in the plasmids pCDF TAL and pCDF CYP previously constructed [18] . For the other constructions the heat shock promoters and the synthetic RBS were first cloned in an empty plasmid, and only afterwards the genes TAL, C3H, Pdr Pux operon (GenBank accession numbers CAE27313.1 and BAN13287.1), CURS1 and DCS were cloned. This approach was adopted to avoid digestion of the genes by the restriction enzymes required to clone the promoter. A restriction site in the FW primer was used to assist with colony screening. The primers (Invitrogen/Life Technologies, Carlsbad, CA, USA) used are summarized in Table S3 .
Plasmid DNA was isolated using NucleoSpin ® Plasmid Miniprep Kit (Macherey-Nagel, Düren, Germany). The genes were amplified by PCR using KAPA HiFi DNA Polymerase (Kapa Biosystems, Wilmington, MA, USA). DNA fragments were purified from agarose using Gel DNA Recovery Kit (Zymo Research, Orange, CA, USA). Plasmid DNA and genes were quantified in a NanoDrop instrument (ND-1000, Thermo Scientific, Wilmington, DE, USA) and were digested with the appropriate restriction endonucleases (Tables  S2 and S3 ) (NEB) for 3 h and purified using DNA Clean and Concentrator Kit (Zymo Research). Ligation was performed at room temperature for 1 h with T4 DNA ligase (NEB). Chemical transformation (heat shock method) was carried out using E. coli NZY5␣ or E. coli K-12 ER2925 competent cells. All constructed plasmids described herein (Table 1) were verified by colony PCR and/or digestion and confirmed by sequencing (GATC Biotech, Konstanz, Germany). After confirmation, E. coli K-12 MG1655(DE3) was transformed with the plasmids. All the kits and enzymes were used according to the instructions provided by the manufacturers.
2.4. p-Coumaric acid, caffeic acid and curcumin production E. coli cells for gene cloning, plasmid propagation, and inoculum preparation were grown in LB medium at 37 • C and under shaking conditions (200 rpm).
For p-coumaric acid, caffeic acid and curcumin production, cultures were grown at 37 • C in 50 mL LB up to an optical density at 600 nm (OD 600 ) of 0.3-0.4. After that, a heat shock at 48 • C for 5 min was performed in a shaking water bath to induce gene expression. Next, the culture was incubated for 5 h at 26 or 37 • C. Control flasks were kept at 37 • C.
The cells were harvested by centrifugation, suspended, and incubated at 26 or 37 • C for 63 h in 50 mL modified M9 minimal salt medium containing (per liter): glucose (40 g), Na 2 HPO 4 (6 g), KH 2 PO 4 (3 g), NH 4 Cl (1 g), NaCl (0.5 g), CaCl 2 (15 mg), MgSO 4 (110 mg), thiamine (340 mg) and CaCO 3 (5 g) (to control the pH). Trace elements [FeCl 3 (54 mg), ZnCl 2 (4 mg), CoCl 2 (4 mg), NaMoO 4 (4 mg), CuCl 2 (2 mg) and H 2 BO 3 (1 mg)] and vitamins [riboflavin (0.84 mg), folic acid (0.084 mg), nicotinic acid (12.2 mg), pyridoxine (2.8 mg), biotin (0.12 mg) and pantothenic acid (10.8 mg)] were supplemented to the medium. Depending on the plasmid(s) present in the strain, 100 g/mL of ampicillin, 100 g/mL of spectinomycin, 30 g/mL of chloramphenicol and/or 50 g/mL of kanamycin were added. Shake flasks were incubated for 30 min at 26 • C or 37 • C to stabilize the initial temperature and then they were immersed in a shaking water bath at 48 • C. After 5 min under this temperature, the shake flasks were placed back in the incubator at 26 • C or 37 • C. Control flasks were kept at 26 • C or 37 • C throughout the experiment. Substrates were added at time 0 of induction in M9 medium: tyrosine (3 mM), p-coumaric acid (2 mM) and ferulic acid (2 mM). Supernatant samples (1.5 mL) were collected for the analysis of p-coumaric and caffeic acids, while for curcumin 2 mL of culture broth with cells (whole broth) were collected. All the experiments were conducted in triplicate.
Curcumin extraction
For subsequent curcumin analysis, 2 mL of whole broth was adjusted to pH 3.0 with 6 M HCl. Then, curcumin was extracted with an equal volume of ethyl acetate. The extracts were concentrated by solvent evaporation in a fume hood, suspended with 200 L of acetonitrile and subjected to product analysis by ultrahigh-performance liquid chromatography (UHPLC).
UHPLC analysis of products
UHPLC analysis was used to quantify p-coumaric acid, caffeic acid, ferulic acid and curcumin using the Shimadzu Nexera-X2 (Shimadzu Corporation, Kyoto, Japan) (CBM-20A system controller, LC-30AD pump unit, DGU-20A 5R degasser unit, SPD-M20A detector unit, SIL-30AC autosampler unit, CTO-20AC column oven) system and a Grace Alltech Platinum EPS C18 column (3 m, 150 mm × 4.6 mm) (Grace, Columbia, MD, USA). Mobile phases A and B were composed of water (0.1% trifluoroacetic acid) and acetonitrile, respectively. For hydroxycinnamic acid quantification the following gradient was used at a flow rate of 1 mL/min: 10-20% acetonitrile (mobile phase B) for 16 min. Quantification was based on the peak areas at 310 nm for p-coumaric acid, caffeic acid and ferulic acid. The retention times of caffeic acid, p-coumaric acid and ferulic acid were 6.9, 8.9 and 9.7 min, respectively. For curcumin quantification, a gradient of 40-43% acetonitrile (mobile phase B) for 15 min and 43% acetonitrile for an additional 5 min was used. Curcumin was detected at 425 nm of absorbance and the retention time 17.6 min.
Protein analysis
E. coli K-12 MG1655 (DE3) cells harboring pCDFDuet-1, pCDF dnaKp RBS1 TAL and pCDF dnaKp RBS2 TAL were grown in LB at 37 • C to an OD 600 of 0.3-0.4. Samples were centrifuged and the cells were resuspended in phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 PO 4 , 1.8 mM KH 2 PO 4 , pH 7.4) and were further disrupted by sonication on ice for 3 min. After centrifugation, the protein concentration from the resulting supernatant was determined using the Bradford Reagent (Sigma-Aldrich) with bovine serum albumin (BSA) (NEB) as a standard, according to the manufacturers' instructions. The expression levels of TAL were evaluated through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (4% stacking gel and 10% running gel). Samples containing soluble or insoluble protein fraction were mixed with 2X sample buffer (65.8 mM Tris-HCl pH 6.8, 2.1% SDS, 26.3% glycerol, 0.01% bromophenol blue) and ␤-mercaptoethanol and were denatured in a heating block at 100 • C for 5 min. The protein marker used was Spectra TM Multicolor High Range Protein (Thermo Scientific). After electrophoresis, the gel was stained using Coomassie Blue R-250 for 30 min and de-stained using distilled water until a clear background was achieved.
Results and discussion
3.1. p-Coumaric and caffeic acids production p-Coumaric acid was produced using tyrosine ammonia lyase (TAL) from R. glutinis that converts tyrosine to p-coumaric acid. To convert p-coumaric acid to caffeic acid, 4-coumarate 3-hydroxylase (C3H) from S. espanaensis or cytochrome P450 CYP199A2 from R. palustris was used. CYP199A2 only converts p-coumaric acid efficiently to caffeic acid in the presence of its redox partners, Pux (palustrisredoxin) from R. palustris and Pdr (putidaredoxin reductase) from Pseudomonas putida. The expression of p-coumaric acid and caffeic acid biosynthetic genes was triggered by using heat shock promoters and a heat shock of 48 • C during 5 min was used. The strategy used was based on previous results regarding the production of caffeic acid using plasmids with T7 promoters [18] . The plasmids pCDFDuet-1 and pRSFDuet-1 were chosen since they enabled the highest p-coumaric acid and caffeic acid production. As expected, the pRSFDuet-1 plasmid carrying the heat shock promoter enabled a significantly higher p-coumaric acid (119.6 M) (p-value < 0.006) and caffeic (13.7 M) (p-value < 0.04) acid production than the pCDFDuet-1 plasmid (Fig. 2 , bars (2) and (4) compared to bars (1) and (3), respectively). When TAL and C3H were combined different plasmids were tested (Fig. 2 , bars (6) and (7)) but the differences observed in the productions obtained were not statistically significant (p-value > 0.09 for caffeic acid production and p-value > 0.25 for p-coumaric acid production). In addition, the productions of p-coumaric acid and caffeic acid were comparable or slightly higher than when TAL and C3H were tested separately (Fig. 2, bars (1)-(4) ). This is in accordance with most of the results previously obtained using different combinations of plasmids carrying TAL and C3H [18] . It was found that tyrosine is converted faster if p-coumaric acid is being converted to the next product which results in higher production of p-coumaric acid that never limits the production of caffeic acid. In addition, the caffeic acid increase can be related to the lower concentration of p-coumaric acid in the medium (compared to when it is added directly as substrate) that reduces its toxic effect to the cells, as previously described in the literature [18, 35, 37] . Surprisingly, the results herein obtained with CYP199A2 in pCDFDuet-1 and Pdr and Pux redox partners in pETDuet-1 (Fig. 2 , bar (5)) were not in accordance with our previous results [18] , since Pdr and Pux expression in pETDuet-1 using heat shock promoters led to a higher caffeic acid concentration than that found in the C3H strategy (Fig. 2, bars (3) and (4) ). The production was significantly higher when compared to pCDF dnaKp RBS1 C3H (p-value < 0.02), while in the case of pRSF dnaKp RBS1 C3H the differences in the results are not statistically significant (p-value > 0.07). When tyrosine is added as substrate (Fig. 2, bar (8) ), the production of p-coumaric acid and caffeic acid is also significantly higher when compared to the case where C3H is used to produce caffeic acid (Fig. 2 , bar (7)) (p-values < 0.01). This discrepancy between the results obtained for caffeic acid production using the T7 promoter or the dnaK promoter imposed a cautious evaluation of the dnaK promoter constructs and the RBS strength, which are discussed below.
In general, the production levels obtained using a heat shock induction were much lower than the results obtained using IPTG and the T7 promoter [18] , which was expected considering that the T7 promoter is stronger than the dnaK promoter. In our previous study [33] , the expression of the dnaK promoter was studied and it was demonstrated that testing and optimizing the RBS is crucial to improve the translational efficiency. In the current study, we first used the dnaK promoter and RBS that previously showed the best performance with GFP expression. A strong RBS with high translation initiation rate (TIR) led to high translation efficiency. This efficiency is completely dependent on the secondary mRNA structure, which is influenced by the sequence upstream of the RBS (promoter sequence), spacer length between the Shine-Dalgarno (SD) sequence and the AUG codon, as well as the beginning of the downstream coding DNA sequence (CDS) [20, 36] . In addition, to calculate the TIR, the RBS calculator software also simulates the annealing of the ribosome to the RBS and predicts the mRNA secondary structure [36, 38] . All RBS sequences should be designed to minimize the formation of mRNA secondary structure. All this ensures that the protein expression levels and the productions are optimized in bacteria. Although the TIR of the synthetic RBS was high when GFP expression was considered (TIR = 175751.22), it was found to be low for TAL (TIR = 2018.90) or C3H (TIR = 558.5) expression. This may explain why the p-coumaric acid production was higher when compared to the caffeic acid production (Fig. 2, bars (1) and (2), compared to bars (3) and (4), respectively). In addition, TAL expression was found previously to be higher than C3H using T7 promoters [39] , and the highest product yield regarding pcoumaric acid was almost two times higher than caffeic acid [18] . Regarding the differences observed in the production whenever using different plasmids, since the TIR is equal in both pCDFDuet-1 and pRSFDuet-1, but pRSFduet-1 is a higher copy number plasmid, this plasmid gave higher p-coumaric acid and caffeic acid productions, as expected.
The results obtained when CYP199A2 and its redox partners were used to produce caffeic acid may also be explained by the TIR (Fig. 2, bar (5) ). Although the TIR value of 5372.9 in CYP199A2 expression was not very high as compared to the GFP expression, it was significantly higher when compared to the TAL or C3H expression. The TIR was also relatively high in the Pdr and Pux operon (TIR = 5813.16). This could explain why caffeic acid production was higher when using CYP199A2 and Pdr and Pux redox partners in pETDuet-1. When p-coumaric acid was not added to the culture medium and TAL was used to produce it (Fig. 2, bar (8) ), the p-coumaric acid and the caffeic acid production increased significantly probably due to the same reasons stated above relative to C3H.
In order to improve p-coumaric acid and caffeic acid production, a new synthetic RBS (RBS2) was designed for each gene using the RBS Calculator software. This new synthetic RBS showed a different sequence, spacer length and TIR for each gene. For instance, in the TAL case, the synthetic RBS had a TIR = 135374.30 and the TAL gene was cloned in pETDuet-1 and pCDFDuet-1 plasmids (Fig. 3 , bars (1) and (2)). The plasmid pETDuet-1 was chosen to construct the curcuminoids biosynthetic pathway previously described [17] . Since this is a very complex pathway we decided to use the same plasmids for each gene of the pathway changing only the promoters (Section 3.2 for more information). The p-coumaric acid titers obtained using these plasmids were surprisingly high, especially in comparison to the ones obtained using the T7 promoter and the same plasmids. The production obtained with the medium copy number plasmid pET dnaKp RBS2 TAL was 2.8 times higher than pET TAL that possessed a TIR = 15436.31 and reached the same level of the high copy number plasmid pRSF TAL (TIR = 27709.67) [18] . The production of p-coumaric acid using the low copy number plasmid pCDFDuet dnaKp RBS2 TAL was 97.8 times higher than the one obtained with pCDFDuet dnaKp RBS1 TAL and 1.4 times higher than pCDF TAL with T7 promoter (TIR = 27709.67) [18] . These results prove that the TIR value can have a high influence on translation and in the production of the target compounds. Furthermore, the heat shock promoters may enable a higher production of a specific compound than the T7 promoters. The controls with no heat shock (Fig. 3, solid bars) were found to produce more p-coumaric acid than the experiments with a 5 min temperature shift to 48 • C (Fig. 3, slashed bars) . The high production values obtained at 37 • C were not unexpected since the genes regulated by the dnaK promoter were shown to be highly expressed even at this temperature [33] . This was the motivation to use 37 • C as the control temperature instead of 26 • C, although previously we found that the production with the T7 promoter was higher at 26 • C [18] . In addition, although the gene expression is significantly higher after heat shock conditions, this heat shock response caused by the stressful condition only lasts a few minutes [33] . Therefore, the increase in genes translation level is only affected Fig. 3 . p-Coumaric acid production from tyrosine (3000 M) and caffeic acid production from either tyrosine (3000 M) or p-coumaric acid (2000 M) using different heat shock promoters (dnaKp and ibpAp) and ribosome binding sites (RBS2). The experiments were performed at 37
• C. Solid bars were maintained at this temperature through the experiment. For slashed bars, a heat shock (HS) was applied for 5 min at 48
• C. (1) pET dnaKp RBS2 TAL, (2) pCDF dnaKp RBS2 TAL, (3) pET ibpAp RBS2 C3H, (4) pET dnaKp RBS2 TAL ibpAp RBS2 C3H, (5) during that time. Since the heat shock temperature is very high, it can cause long-term adverse effects in the production of the target compounds instead of increasing the production. In fact, the growth rate and the biomass concentration 5 h after the heat shock (in LB medium, before switching to M9 minimal medium) was found to be always lower than in the experiments when no heat shock was performed (Table S4 ). For example, thermal induction can alter the protein folding of the recombinant proteins favoring protein aggregation into inclusion bodies [24, 40] . Slower heating rates or the overexpression of a negative feedback deficient heatshock response transcription factor ( 32 ) would possibly prevent this problem in the production of heterologous proteins [28, 40, 41] . To evaluate the effect of the heat shock or the elevated TIR value in the expression of TAL, protein gel showing the proteins present in the soluble and insoluble fractions of cell-free extracts were performed ( Fig. S1 and S2) . We compared the production of TAL when pCDF dnaKp RBS1 TAL and pCDF dnaKp RBS2 TAL were tested and as it can be seen the production is easily observed with the optimized RBS (≈76 kDa), while with the other RBS tested (RBS1) no difference is observed in protein production when compared to the empty plasmid (Fig. S1 ). This allowed concluding that the TIR optimization was successful. As expected, it was not possible to observe significant differences when the heat shock was performed and when the flasks were maintained at 37 • C during the whole experiment. Also, at time zero, in pCDF dnaKp RBS2 TAL test, it was possible to observe the TAL production since the dnaK promoter is very active at 37 • C. Since the high TIR values may trigger the formation of inclusion bodies, a protein gel with the insoluble fraction was performed (Fig. S2) . In the protein gel it can be observed a band corresponding to the TAL protein. Therefore, it is possible to conclude that a small amount of the protein may be present in inclusion bodies. However, it is also important to notice that this protein may be present due to an inefficient sonication, or due to a part of the supernatant that was maintained in the pellet when we decanted the supernatant from the falcon tube. Nonetheless, we believe that the results clearly show that there is a great benefit in optimizing TIR. In the future, a slightly lower TIR can be tested aiming to increase total protein solubility.
For the C3H gene, we also tested the heat shock promoter ibpA using a RBS with TIR = 86521.69 (Fig. 3, bars (3) and (4) ). The ibpA gene and other genes regulated by ibpA promoter were previously found to be less expressed than the dnaK at lower temperatures (37 • C) and highly expressed at heat shock conditions (≥ 42 • C). Therefore, the fold change is higher in this case than in dnaK [33, [41] [42] [43] [44] . Due to its characteristics, we decided to verify if this promoter could benefit the production. However, it was found that the higher fold change was not sufficient to improve caffeic acid production when compared to the experiment conducted without heat shock induction. As it can be seen in Fig. 3 (bar (3) ), the caffeic acid production obtained was very low (21.5 M) and this is probably due to the usually low expression of the genes regulated by ibpA promoter at 37 • C. When combined with the TAL gene (Fig. 3 , bar (4), the production was higher probably due to the fact that the p-coumaric acid concentration is lower than when added as substrate. As mentioned above, high concentrations of this compound can be toxic to the cells and impact the production of caffeic acid. p-Coumaric acid production is lower when TAL is combined with C3H gene since the expression of the gene in this situation proved to be lower [18, 39] . The CYP199A2 gene was also tested with the dnaK promoter with a new RBS with higher TIR (38486.75). The expression of the redox partners was controlled by the ibpA promoter using a RBS with TIR = 94670.66. As can be seen in Fig. 3 (bar  (5) ), caffeic acid production using CYP199A2 and the redox partners increased 10.3 times when compared to the case where RBS1 was used (Fig. 2, bar (5) ). Moreover, to evaluate if the ibpA promoter was limiting the expression of Pdr and Pux, and consequently caffeic acid production, the other plasmid previously constructed with the dnaK promoter (plasmid from Fig. 2 , bars (5) and (8)) was combined with the new plasmid containing CYP199A2. As seen in Fig. 3 (bar (6)), using dnaK promoter (with RBS1) to induce the expression of the redox partners increased the production 11.7 times when compared to the experiment with the same plasmid, but also with pCDF dnaKp RBS1 CYP (Fig. 2, bar (5) ). Therefore, it can also be concluded that the experiments with different promoters (dnaK and ibpA) containing different RBS (RBS1 and 2) to express the redox partners, when compared to each other, did not exhibit statistically significant differences in the caffeic acid production (Fig. 3, bars (5) and (6)) (p-value > 0.2). Indeed, we previously [18] concluded that the production of caffeic acid was higher when the expression of the redox partners was induced only 2.5 h after CYP199A2 expression. This delay in the induction allows the mitigation of the metabolic burden associated to the overexpression of several proteins simultaneously [45, 46] . Since these redox partners are only needed to support the CYP199A2 catalytic activity when it is present, their expression can be delayed and it does not have to be too high. Therefore, the results with the ibpA promoter with a RBS with very high TIR and with dnaK promoter with a RBS with medium TIR are very similar and the expression of these genes does not seem to limit caffeic acid production. • C. Light-grey bars were maintained at this temperature through the experiment. For dark-grey bars, a heat shock was applied for 5 min at 48
• C.
Although the production of p-coumaric and caffeic acids improved by using stronger RBSs, and in p-coumaric acid case were even higher than when T7 promoter was used in previous studies, the production levels obtained using heat shock promoters for the caffeic acid production were still lower than those obtained using the T7 promoters. In the future, and in addition to the assessment of other RBSs, other induction times, heat shock temperatures, temperature up-shift profiles and post-induction temperatures should be tested. This can enable more or less protein expression and consequently, more or less product formation, as we reported previously [33] . In some cases, protein production at 40-42 • C [24] also proved to be very efficient. Also, oscillatory induction should be considered since it has shown to be more effective, as it leads to longer productive times that result in higher titers [28] . In addition, this strategy reduces the drawbacks associated with the use of high temperature, such as formation of inclusion bodies, acetate overproduction, decreased growth rate, plasmid instability, proteolytic susceptibility and metabolic stress caused by heterologous protein production and heat shock [22, 47] .
Curcumin production
Curcumin was produced using 4-coumarate-CoA ligase (4CL1) from A. thaliana and diketide-CoA synthase (DCS) and curcumin synthase 1 (CURS1) from C. longa. This strategy was based on our previous work [17] . As in the case of caffeic acid production, the expression of curcumin genes was also triggered by heat (48 • C, 5 min). The dnaK promoter with RBS1 was cloned in pCDFDuet-1 and pRSFDuet-1 that harbored DCS and CURS1, respectively. In the case of 4CL1, the lac promoter of pAC was not replaced since it is a constitutive promoter unlike T7 promoter, so there was no need to add expensive and toxic additives such as IPTG. In addition, the 4CL step was considered a bottleneck in curcumin production [17] given the difficulty of finding efficient 4CLs. Indeed, the 4CL1 from A. thaliana was only efficient in the pAC plasmid. Thus, the original plasmid with lac promoter was maintained. Fig. 4 shows the production of curcumin using heat induction. The curcumin production was very low compared to the one obtained using the T7 promoter [17] . However, this was expected since the dnaK promoter is weaker than T7, and the obtained TIRs for RBS1 were not as high as desirable. In the DCS case, the TIR was 8312.53, while in the CURS1 case it was 9095.44. Although the curcumin production was low compared to the levels obtained by chemical induction, it was possible to detect it by UHPLC and a yellow color could be observed in the culture medium. Curcumin production was higher when the flasks were incubated at 26 • C (1.2 M − Fig. 4, bars (RBS1) ) instead of at 37 • C (0.03 M − data not shown) after the heat shock. When no heat shock was performed, only 0.15 M of curcumin was obtained at 26 • C and no curcumin was detected by UHPLC at 37 • C. Since the dnaK promoter allows higher expression at 37 • C than at 30 • C [33] , this temperature was first chosen as the incubation temperature instead of 26 • C. However, the production of curcumin at the higher temperature was very low (data not shown). These results suggest that the curcumin production is greatly influenced by temperature. Moreover, at 37 • C it was found that this production was also very low when T7 promoters were used [17] . The best results obtained at 26 • C are probably due to an improved solubility of the recombinant proteins as a consequence of a decrease of aggregation and inclusion-body formation [48] .
In order to improve these results, other RBSs (RBS2) with higher TIR values were designed for DCS (TIR = 42010.80) and CURS1 (TIR = 177340.30). As it is possible to observe in Fig. 4 (bars (RBS2) ) the production of curcumin increased. Without heat shock the production increased 87.8 times while with the heat shock case it increased 14.4 times. Again, these results clearly highlight the importance of TIR in the design of new synthetic RBSs. In addition, in curcumin production the highest titers were achieved with the heat shock. The heat triggering probably led to an increase in gene expression of DCS and CURS1 and also of the heat shock protein genes that were beneficial for the production of curcumin.
Curcuminoids production from tyrosine or other hydroxycinnamic acids (p-coumaric acid and caffeic acid) was also attempted using the pathway previously described [17] . Caffeoyl-CoA Omethyltransferase enzyme was used to convert caffeoyl-CoA to feruloyl-CoA. However, no production was detected using these precursors (data not shown) since the production from ferulic acid was already very low.
Although caffeic acid and curcumin production levels using heat shock promoters are still very low for industrial applications, they can be further optimized using synthetic biology approaches (e.g. synthetic scaffolds, other heat shock promoters or RBS) and other operational conditions (e.g. different temperature profiles) to reach levels similar to the ones obtained for p-coumaric acid that were higher than the ones obtained using T7 promoters. On the other hand, if we envisage the use of the modified bacteria producing these compounds as a result of a heat trigger for bacterial therapies (production in situ), it is important to bear in mind that the required concentrations to produce a therapeutic effect are indeed quite low. For instance, it has been proven that curcumin administration combined with ultrasound treatments highly increases the cytotoxicity and induces cellular destruction of carcinoma cells. Curcumin concentrations of 10-15 M were shown to be very effective [49] [50] [51] [52] [53] . Also, in p-coumaric acid and caffeic acid cancer treatment studies, concentrations of 270-380 M were successfully used [1, 2] . These concentrations (or even higher in some cases) can be obtained using the engineered bacteria herein developed.
In addition to the promoters that are naturally present in the E. coli HSR, other thermal regulated systems were optimized in E. coli that may be also considered to improve the yields herein reported. For example, the system composed by the lacZ operator and promoter and that is efficiently repressed by the thermossensible LacIts repressor at 30 • C, moderately active at 37 • C [54] and totally active at 42 • C [55] may also be a good option. Likewise, the pRpL/cl857 system could also be tested since gene expression is inhibited at temperatures below 37 • C and, depending on the system configuration, active at temperatures above 37 • C (up to 42 • C) [22, 24] . Although these systems are tightly regulated, basal expres-sion still occurs such as in the thermal regulated system studied in this work.
Conclusions
p-Coumaric acid, caffeic acid and curcumin were successfully produced in E. coli using heat shock promoters. Also, it was demonstrated that it is of utmost importance to consider the strength of the RBS when designing a biosynthetic pathway. Higher TIR values generally allow higher production. However, in metabolic engineering and synthetic biology "more is not always better." The design of RBSs with different strengths can help in the fine tuning of pathways with multiple enzymes by controlling/limiting the accumulation of intermediary by-product compounds which in turn allows maximization of the desired end-product yield. Extremely high TIR values, depending on the protein, can lead to an excess of misfolded protein. In the future, besides testing different RBSs to optimize the productions, different heat shock induction strategies should also be evaluated.
The heat-induced production of hydroxycinnamic acids and curcumin is still in its infancy and many improvements are required. However, the results gathered herein represent the first steps towards the future production of these compounds at industrial scales without chemical induction and/or possibly their use in bacterial therapies. Although titers in some cases were not very high, it is important to note that they are for example in the range required for therapeutic applications as bacterial therapies. In the future, in addition to these heat shock promoters, other promoter systems thermally regulated should be considered.
